Abstract. The hygroscopic growth of the atmospheric aerosol is a critical parameter for quantifying the anthropogenic radiative forcing. Until now, there has been a lack of long term measurements due to limitations in instrumental techniques. In this work, for the first time the seasonal variation of the hygroscopic properties of a continental background aerosol has been described, based on more than two years of continuous measurements. In addition to this, the diurnal variation of the hygroscopic growth has been investigated, as well as the seasonal variation in CCN concentration. These physical properties of the aerosol have been measured with a Hygroscopic Tandem Differential Mobility Analyzer (H-TDMA), a Differential Mobility Particle Sizer (DMPS), and a Cloud Condensation Nuclei Counter (CCNC). The results show that smaller particles are generally less hygroscopic than larger ones, and that there is a clear difference in the hygroscopic properties between the Aitken and the accumulation mode. A seasonal cycle was found for all particle sizes. In general, the average hygroscopic growth is lower during wintertime, due to an increase in the relative abundance of less hygroscopic or barely hygroscopic particles. Monthly averages showed that the hygroscopic growth factors of the two dominating hygroscopic modes (one barely hygroscopic and one more hygroscopic) were relatively stable. The hygroscopic growth additionally showed a diurnal cycle, with higher growth factors during day time. CCN predictions based on H-TDMA data underpredicted the activated CCN number concentration with 7 % for a 1 % water supersaturation ratio. The underprediction increases with decreasing s, most likely due to a combination of measurement and modeling uncertainties. It was found that although the aerosol is often externally mixed, recalcuCorrespondence to: E. O. Fors (erik.fors@nuclear.lu.se) lating to an internal mixture with respect to hygroscopicity did not change the CCN concentration as a function of supersaturation significantly.
Introduction
The hygroscopic properties of atmospheric aerosols are of utmost importance for the climate. As aerosol particles move around the atmosphere, they continuously interact with the surrounding water vapour, changing in size with the relative humidity (RH). As the light scattering properties of particles are highly dependent on particle size, the hygroscopicity of the aerosol at subsaturated conditions will have great implications for the light scattering of the atmosphere (FierzSchmidhauser et al., 2010; McFiggans et al., 2006) . The light scattering and light absorption of the aerosol is commonly called "the direct aerosol climate effect" and is believed to cool the atmosphere, an effect that is enhanced by anthropogenic emissions (Solomon et al., 2007) .
The particle-water vapour interaction also plays a vital role in cloud formation, as the particles provide a surface on which to condense when the air is saturated with water. At a water vapour saturation ratio just above 100 %, the particles leave the equilibrium domain and start to grow unrestrained as long as water vapour is available for condensation. The particles are said to activate into cloud droplets, often growing from 100 nm to 10 µm in a few hours. The number of activated particles in a cloud is highly dependent on the hygroscopic properties of the particles (McFiggans et al., 2006) as well as the size distribution of the aerosol (Dusek et al., 2006) which determines how many activated cloud droplets will form for a given supersaturation (s) ratio. This in turn affects both the reflective properties and precipitation pattern of the cloud (Rosenfeld, 1999 (Rosenfeld, , 2000 , effects which also are Published by Copernicus Publications on behalf of the European Geosciences Union.
E. O. Fors et al.: Hygroscopic properties of ambient aerosol in Sweden
believed to exert a cooling of the atmosphere, and which are known as the first and second aerosol indirect effects.
To quantify the water uptake at subsaturated conditions, the concept of hygroscopic diameter growth factor (GF) is commonly used where the GF is defined according to
where D w is the wet particle diameter at a given RH and D p is the dry diameter of the particle. At subsaturated conditions (RH < 100 %), particles rapidly reach equilibrium with the surrounding atmosphere, with GFs ranging between 1 and ∼2.1 at 90 % RH, where 1 represents completely nonhygroscopic particles, such as fresh soot, and ∼ 2.1 represents sea salt particles . Hygroscopic measurements of atmospheric aerosol particles have been carried out for many years, with Sekigawa (1983) and Rader and McMurry (1986) doing pioneering work in using the measurement principle of two DMAs in series with a humidification conditioning unit in between on an atmospheric aerosol. This setup is commonly known as the Hygroscopic Tandem Differential Mobility Analyzer (H-TDMA). Since the first measurements, there have been a multitude of measurement campaigns using H-TDMAs in various environments all over the globe. Results from these measurements show that the hygroscopicity of a particle is highly dependent on the source and physicochemical age of the particle.
The hygroscopic growth can be subdivided into different classes with respect hygroscopicity. One classification is based on diameter growth factor at 90 % RH with respect to ammonium sulphate. For 100 nm dry particles diameter these boundaries are: Barely hygroscopic (BH; GF = 1.0-1.11), Less Hygroscopic (LH; GF = 1.11-1.33), More Hygroscopic (MH; GF = 1.33-1.85) and Sea Salt (GF > 1.85) . Often the ambient aerosol is externally mixed, meaning that for any given size, there are particles present in two or more of the hygroscopic classes, with different GFs dependent on air mass origin and different chemical age. However, the degree of external mixture is dependent both on location and on size.
In previous H-TDMA measurements, the occurrence of external mixtures varies a lot between different measurement campaigns. The aerosol tends to be less externally mixed for Aitken mode particles than for accumulation mode particles . This might be explained by the fact that some of the larger particles have been cloud processed, during which they absorbed soluble gases such as SO 2 , H 2 SO 4 , HNO 3 or NH 3 . When the particles dry out, soluble ions tend to stay in the particle phase, increasing its solubility.
On the other hand, also the smaller particles are often externally mixed. This is most likely due to a combination of different sources and different age. Small particles tend to consist of different kinds of organic substances, both from primary (meaning emissions of particles at the emission source) and secondary (meaning that the particle mass originates from condensation) sources. Fresh emissions from e.g. diesel car exhaust contain a combination of non-hygroscopic Hydrocarbon-like Organic Aerosol (HOA) in the particle phase, gas phase Volatile Organic Compounds (VOCs) and a myriad of combinations in between with different vapour pressures. As the different VOCs are oxidised in the atmosphere, the molecules tend to grow, due to an increasing number of functional groups. This chemical ageing is also linked to volatility, and as the vapour pressure decreases, the organic vapours are driven towards the particle phase. As the photochemistry continues to oxidise the organics, the O:C ratio in the organic aerosol (OA) increases, which in turn also increases the hygroscopicity of the OA (Jimenez et al., 2009) .
To estimate how many particles in a given aerosol will activate into cloud droplets at a certain supersaturation ratio (s), it is possible to use H-TDMA measurements in combination with size distribution measurements. Unfortunately, H-TDMA measurements of aerosol particles have until recently been limited to short field campaigns of maximum a few months in duration, since these instruments typically require frequent attention, and have therefore not been suitable for unattended long-term operation. An alternate way to measure CCN concentration is using a CCN counter (CCNC). Besides being easier to handle, CCNCs have the advantage of a direct measurement -no modelling or combining of different measurement techniques are necessary. However, when operated as in this study, they do not give any information about the degree of external mixture of the aerosol, something that is essential for a deeper understanding of the atmospheric processes that governs the number of CCN. The H-TDMA, though somewhat more complicated, provides this link between the atmospheric aerosol size distribution and the number of activated CCN for a given s. During the last years several H-TDMAs have been designed for long term measurements within the European Supersites for Atmospheric Aerosol Research (EUSAAR) project (www.eusaar.net) Nilsson et al., 2009 ) and Kammermann et al. (2010a) were the first ones to describe a full year of H-TDMA data. Even though diurnal cycles were observed, no clear seasonal trend could be observed over a 13 month measurement period in the Swiss free troposphere.
In this work, more than two years of H-TDMA, size distribution and CCNC data are presented, for the first time revealing the annual cycle of the hygroscopic properties at subsaturated conditions as well as the CCN concentrations of a European background aerosol. The aims of this work were 1. To characterize the hygroscopic properties of the aerosol at the EMEP/EUSAAR field station Vavihill (56 • 01 N, 13
• 09 E, 172 m a.s.l.), which is situated in a rural environment in the southern part of Sweden (Kristensson et al., 2008) , including the diurnal and seasonal variation of the hygroscopic growth.
2. To quantify how well we are able to predict CCN concentrations using size distribution and H-TDMA data.
3. To derive seasonal CCN concentration functions as dependent on supersaturation for all four seasons.
Methods
The measurements included in this work were carried out the measurement station Vavihill. The aerosol was sampled through a PM10 inlet, excluding all particles with an aerodynamic diameter larger than 10 µm. The temperature inside the measurement station was kept constant with air conditioning at 21 ± 2 • C.
H-TDMA
The hygroscopic properties at subsaturated conditions were measured with an H-TDMA constructed at Lund University which was specifically constructed for long term measurements, in accordance with the design and operation criteria decided within the EU FP6 Infrastructure Project EUSAAR. The aerosol was dried with a nafion drier and charged with an 85 Kr diffusion charger before it entered the first DMA (DMA1), a Vienna type, 28 cm long, which was housed in an insulated box at a well defined temperature, typically 20 • C. The RH before DMA1 was always lower than 30 %. The residence time between the nafion drier and DMA1 was approximately 1 s. In DMA1 a fixed voltage was applied, corresponding to a certain dry size, or more precisely to a certain electrical mobility. After DMA1, the aerosol was quasimonodisperse, meaning that it had a mobility distribution corresponding to the transfer function of DMA1. The flow ratio between the aerosol and the sheath flow was set to 1:10, to minimize broadening of the spectrum. After DMA1, the aerosol passed through Gore-Tex tubing, with temperature controlled water flowing on the outside of the membrane in opposite direction. The water migration through the membrane was controlled by the temperature of the water. After this conditioning unit, the aerosol flowed into a second housing, with a temperature 2 K lower than the first. Since the saturation vapor pressure of the water decreases with temperature, the RH increased before it entered the second DMA (DMA2) and the use of a closed loop for the sheath and excess flow made the RH inside DMA2 asymptotically approach the RH of the aerosol entering the DMA.
By ensuring a well controlled temperature at 20 • C, the DMA2 RH was kept at 90 ± 0.1 %. The residence time after the humidifier was ∼1 s, after which the voltage in DMA2 was continuously scanned over sizes corresponding to diameter growth factors of 0.85-3.0, to ensure that no particles were missed. The particles were detected downstream DMA2 using a Condensation Particle Counter (CPC) (TSI model 3760A). In this case the dry sizes were selected cyclically to 35, 50, 75, 110, 165 and 265 nm, with two scans of 300 s per size (one up-and one down scan), making the time resolution of the measurements roughly one hour.
To validate the measurements, automatic (NH 4 ) 2 SO 4 scans were carried out on a daily basis, as required by EU-SAAR standards. These measurements consisted of one cycle, meaning that roughly 4 % of the data consisted of salt scans. Dry scans were carried out on an irregular basis, with about 2-3 month intervals, and dry sizes were found stable within 2 % of the nominal dry sizes. For further details regarding the H-TDMA system, see Nilsson et al. (2009) .
H-TDMA measurements started May 2008 and this paper covers the first 27 months of operation, ending in July 2010. During this time data coverage varied from month to month with an average of 66 %, corresponding to roughly 200 000 scans. To facilitate the inversion, the TDMAinv software was used and continuous GF Probability Density Functions (GF-PDFs) were extracted from the data . Criteria for a scan to be considered for inversion were that the average DMA2 RH in the scan should be between 88 and 92 %, that the total number of counted particles should be more than 20, that DMA1 RH should be lower than 20 % (to avoid an underestimated growth factor) and that the (NH 4 ) 2 SO 4 scans confirmed the system functionality by a growth factor that was within corresponding values of ±1.2 % RH of what can be expected according to growth factors predicted by the data from Tang and Munkelwitz (1994) and Potukuchi and Wexler (1995) . To increase the comparability between different scans, the GF-PDFs were recalculated to 90 % in TDMAinv, using the κ model described in section 2.4 ).
DMPS
To measure the particle size distribution, a Differential Mobility Particle Sizer (DMPS) was used. The DMPS was constructed at Lund University and is a so called 'twin-DMPS', meaning that two parallel DMAs were used. The aerosol flow was dried and charged with an 85 Kr diffusion charger, whereafter the flow was split into two parts. One part of the flow was directed towards a Vienna-type nano DMA measuring diameters from 3.4 to 21.5 nm with a flow ratio of 3:21 and the other part to a Vienna type long DMA, measuring between 21.5 and 857 nm with a flow ratio of 0.9:6.5.
By measuring the 21.5 nm concentration with both DMAs, an internal check was included in the measurements, as the two parallel systems should produce the same concentration, taking into account flows, CPC calibration curves and diffusion losses. The particles selected in the nano DMA and the long DMA were counted using two CPCs (TSI models 7610 and 3025, respectively). The system was operated in a stepwise manner over a total of 37 separated bins, with a time 8346 E. O. Fors et al.: Hygroscopic properties of ambient aerosol in Sweden resolution of 10 min. For more details on the twin-DMPS system, see Kristensson et al. (2008) .
CCN counter
The cloud nucleating properties of the aerosol was measured with a commercial CCNC (DMT model 100). The working principle of the instrument is to expose the aerosol to a fixed s value, and with an Optical Particle Counter (OPC) determine the number of activated particles. The aerosol continuously flows through the center part of a cylinder with wetted walls. Between the aerosol flow and the walls, there is a particle free sheath flow. By controlling the temperature of the walls and keeping them wet (i.e. assuring that the RH is 100 % just outside the cylinder wall), the migration of heat and water vapour towards the middle of the cylinder and the s value can be controlled. The working principle relies on the fact that the water molecules diffuse towards the center faster than the heat added from the walls (which diffuses mainly via the heavier nitrogen and oxygen molecules), hence giving saturation ratios above 100 %. The s values are altered in a cycle, and an activated CCN concentration as a function of s is determined.
In this case the s values were 0.1, 0.2, 0.4, 0.7 and 1 %, which covers basically all cloud formation s values found in the atmosphere (Twomey, 1959; Warner, 1968) . The activated CCN concentration is given with a time resolution of one second, but since it takes time to equilibrate the system with respect to s, a measurement cycle takes ∼30 min.
The CCNC was calibrated in a laboratory environment before field deployment using ammonium sulphate particles with a DMA upstream the aerosol flow. The CCNC was set to a fix s, while the DMA selected a span of different sizes, to investigate at which size the selected particles activated. The CCNC calibration was conducted at approximately the same pressure and temperature (70 m a.s.l. and T = 293 ± 2 K) as the field measurements (180 m a.s.l. and 293 ± 2 K). This procedure was repeated when the CCNC was returned to the laboratory during the summer of 2010. For high supersaturations, the old calibration was valid within 2 % down to s = 0.6. At s = 0.25, the CCNC measured 7 % higher s than indicated by the instrument, and at s = 0.2 % the error was 14 % in the same direction. In the field, the flows of the CCNC were monitored and checked on a weekly basis, but no salt measurements were conducted. More details on measurement uncertainties and principles of operation can be found in Rose et al. (2008) .
Petters' κ model
The parameter κ, first introduced by Petters and Kreidenweiss (2007) , was used to describe the hygroscopicity of the aerosol. It is an ideal model, meaning that the number of soluble entities is assumed to be independent of water activity. κ is defined according to
Where a w is the water activity, V w is the water volume and V s is the soluble volume. κ is presently the most commonly used parameter to describe particle hygroscopicity, where values close to zero points to non-hygroscopic particles, and where values close to 1 are typical for hygroscopic aerosol, such as over marine areas. There are many differet kinds of models to describe aerosol hygroscopicity. For a review, see Rissler et al. (2010) .
CCN closure
To validate measurement data, as well as test theoretical models and assumptions, so called "closure studies" can be performed. In principle, two or more independent measurements are linked together using relevant theoretical considerations, and in this way it is possible to indirectly evaluate if the instruments and models are consistent within errors of measurement. In this work, a CCN closure study has been carried out, comparing CCNC data with the predicted concentration of activated CCN (s) for each hour, using a combination of DMPS and H-TDMA data. The hygroscopic growth of an aerosol particle can be derived from the Köhler equation according to
where ρ w is the water vapour partial pressure, p 0 the saturation water vapour pressure, a w the water activity, M w the molar weight of water, σ the surface tension of the solution (in this case set to 72.8 mN m −1 which corresponds to the surface tension of water), R the universal gas constant, T the temperature, ρ w the density of water, and D w the wet diameter. In this work we describe the hygroscopicity of the particle with the parameter κ defined in Eq. (2). After calculating the κ from a specific growth factor and dry size, it is possible to find the critical supersaturation, s c = S c − 1, as described in Petters and Kreidenweiss (2007) :
where A = 4σ M w RTρ w . By combining DMPS and H-TDMA data, a prediction on the number of activated CCN at a certain supersaturation, s, can be derived. By simply summarizing up all particles with S c < s, it is possible to make a prediction regarding the number concentration of activated CCN(s).
For the CCN prediction, the GF-PDFs measured at 35, 50, 75, 110, 165 and 265 nm were linearly interpolated to create a hygroscopic growth factor surface function c(D p ,GF), where
for any given D p . For particles smaller than 35 nm, the 35 nm GF-PDF was assumed to be valid. In the same way, particles larger than 265 nm were assumed to have GF-PDFs identical to that of 265 nm particles. Since every point on the function c(D p ,C s ) corresponds to a specific critical supersaturation, s c , the function can be rewritten as c (D p ,c s ), where
for any given D p .
The particle size distribution is described by a
It is now possible to calculate the CCN concentration for any given s value according to
In this case the GF integration steps were 0.05 and the D p integration steps followed the DMPS data resolution. The calculated CCN concentration can now be compared to CCNC data, or used independently of the CCNC data, to create functions of the number of activated particles as a function of s. If the κ model accurately describes the hygroscopic behavior of the aerosol and the instruments all were ideal, the measured CCNC(s) concentrations would be identical to the concentrations calculated from H-TDMA and DMPS data. However, considering a number of measurement uncertainties and assumptions, certain imprecision can be expected. The linear interpolation of the GF-PDFs can be too coarse of an assumption, as can the extrapolation of the GF-PDFs corresponding to the smallest and largest particles measured by the H-TDMA. In addition to the resolution issues of the hygroscopicity measurements, the closure will underestimate the activated CCN(s) concentration if there are particles present that are larger than the DMPS can detect.
Other possibilities are poor CPC calibration efficiency curves or a badly calibrated DMA flow which will affect the sizing. Problems with DMA sizing will have a more profound effect on lower s values because (1) fewer particles have activated, making the relative error larger and (2) the size limit to which particles will activate is somewhere in the middle of the size distribution. At high s values, a large portion of the size distribution is activated and the relative effect is smaller if you add or remove a few activated particles. In addition to this, there are often fewer particles in the size limit which is relevant to high s ratios. As an example 100 nm particles with a GF of 1.6 activate at around 0.2 % s, while 40 nm particles with a GF of 1.3 activate at 1 % s.
Time resolution is another issue that introduces errors in the predicted concentration. In this aspect, the predicted concentration is limited by the H-TDMA data, which has a time resolution of 1 h, meaning that in a worst case scenario, there will be a difference of 15 min between the H-TDMA and the CCNC data. Fast changes in air masses can thus give large errors in the predicted concentrations. However, seen over a longer time period, no systematical error will be introduced by this effect, but rather a slightly decreased correlation coefficient.
CCN(s) concentrations
In models, one often wishes to describe complex phenomena in a simple but still accurate way. As shown above, calculations of the CCN concentration for a given aerosol is a relatively complicated and calculation. However, it is possible to simplify the calculations, by making some basic assumptions. Here, we investigated how well the CCN concentrations could be described assuming a size dependent average GF from H-TDMA data, as well as log-normally fitted average size distributions. Cumulative log-normal functions were used according to Seinfeld and Pandis (2006) :
where
and D pg is the median diameter, σ g is the geometric standard deviation and N is the number concentration. By calculating a critical dry diameter for a certain supersaturation ratio and then integrating the size distribution from that diameter and upwards for each size mode separately, it is possible to calculate CCN(s). In this work, CCN(s) concentration functions were produced, characteristic for the four seasons, and compared to CCNC data. The seasons were defined as follows: spring (March-May), summer (June-August), autumn (SeptemberNovember) and winter (December-February). In this case, two log-normal modes were used to fit averaged seasonal size distribution data, neglecting nucleation particle bursts. From the H-TDMA, four seasonal average sets of GF-PDFs were derived.
Results

Data coverage
During the full 27 months of operation, the H-TDMA data coverage varied strongly, from 10 % up to 95 % on a monthly basis ( Table 1 ). The data gaps were due to power failures Fig. 1 . Growth factor data as function of water activity and particle diameter from automated 7 salt scans for the complete data set. The data was collected at 90% RH. The graph shows the 8 density of measurement points, based on 451 days of measurements for all dry sizes. In all 9 4392 measurement points. The density is based on a grid of Δaw=0.0016 and ΔGF=0.01. The 10 black line is based on data from Tang and Munkelwitz (1994) and Potukuchi and Wexler 11 (1995) . Dotted lines represent ±1.2%RH from this line, which is the instrument uncertainty 12 (Nilsson et al., 2009 Growth factor data as function of water activity and particle diameter from automated salt scans for the complete data set. The data was collected at 90 % RH. The graph shows the density of measurement points, based on 451 days of measurements for all dry sizes. In all 4392 measurement points. The density is based on a grid of a w = 0.0016 and GF = 0.01. The black line is based on data from Tang and Munkelwitz (1994) and Potukuchi and Wexler (1995) . Dotted lines represent ±1.2 % RH from this line, which is the instrument uncertainty (Nilsson et al., 2009). and software malfunctions as well as hardware issues. Seen over the whole period of operation the data coverage was on average 66 %.
The data was quality checked with daily (NH 4 ) 2 SO 4 scans. The results are illustrated in Fig. 1 . The RH values have been recalculated to water activity, a w , adjusting for the Kelvin effect, according to Eq. (3). In this way it becomes possible to visually display different dry sizes in the same plot. As can be seen, the measured values vary from day to day but the average values are close to the values derived from data from Potukuchi and Wexler (1995) and Tang and Munkelwitz (1994) , and mostly within the ±1.2 % which is the measurement uncertainty of the H-TDMA derived in Nilsson et al. (2009) . There are a number of outliers, for which the cause of the deviation could not be determined. In these cases, data 12 hours before and after that measurement point have been discarded. These cases accounted for ∼3 % of the scans.
Air mass origin during measurement period
Trajectories have been used to investigate the origin of the air masses arriving at Vavihill during the H-TDMA measurement period. This data has also been compared to trajectory data from the entire previous period when DMPS measurements have been performed at Vavihill (January 2001 to July 2010). The trajectory model Hysplit4 (Draxler and Hess, 1997) has been used to calculate the trajectories and meteorological data from the Centre of Environmental Predictions (NCEP) and GDAS (Global Data Assimilation System) archive have been used to calculate the trajectories. 72 h back trajectories originating at Vavihill 100 m a.g.l. have been used in the analysis and the centers of gravity of the trajectories have been calculated for each day. The azimuth angles and distances to the centers of gravity compared to Vavihill have then been calculated and the data divided according to season.
The results show that most air masses arrive to Vavihill from the west during all seasons and that they originate furthest from Vavihill during the winter and autumn, indicating fast moving air masses (Fig. 2) . The H-TDMA measurement period May 2008 to May 2010 seem to be representative of the whole period for the spring, summer and autumn but not for the winter. The winters of 2008/2009 and 2000/2010 had fewer fast moving westerly air masses than the whole period between 2001 and 2010 and is instead dominated by slow moving air masses from the north and southeast. If the two winters are separated one can see that the winter 2008/2009 is more similar to the whole period with some fast moving westerly episodes but also a lot of northerly air masses. The winter 2009/2010 is instead dominated by slowmoving south-easterly and easterly air masses with barely any air masses arriving from the west; a result of a negative North Atlantic Oscillation. This winter was associated with below average temperatures in the region and long periods with high pressure cells situated over Eastern Europe. Figure 3a illustrates GF-PDFs for all dry sizes, averaged over the full data set (see also Table 2 ). Some features of the averaged GF-PDFs seem to be size dependent. Firstly, the smaller particles have a larger fraction of the GF-PDF in the barely hygroscopic and less hygroscopic part of the distribution. Secondly, the less hygroscopic mode tends to show 1.6 ± 1.8 1.26 ± 1.54 1.14 ± 1.21 0.81 ± 0.89 0.6 ± 0.7 0.64 ± 0.79 1.2 1.41 ± 1.57 1.32 ± 1.48 1.12 ± 1.33 0.78 ± 1.18 0.5 ± 0.96 0.28 ± 0.6 1.3 2.42 ± 1.79 2.28 ± 1.59 1.92 ± 1.28 1.37 ± 1.12 0.97 ± 1.1 0.68 ± 1 1.4 2.46 ± 2 2.82 ± 1.88 2.21 ± 1.57 1.51 ± 1.43 1.12 ± 1.25 0.82 ± 1.08 1.5 0.93 ± 1.43
Average GF-PDFs
1.4 ± 1.65 2.12 ± 1.69 2.5 ± 1.8 2.1 ± 1.89 1.37 ± 1.67 1.6 0.22 ± 0.81 0.25 ± 0.83 0.64 ± 1.14 1.82 ± 2 2.85 ± 2.29 2.83 ± 2.31 1.7 0.08 ± 0.5 0.07 ± 0.48 0.11 ± 0.57 0.3 ± 0.86 1.05 ± 1.75 2.1 ± 2. lower GFs for larger particles. Thirdly, the more hygroscopic mode tends to show higher GFs for the larger particles. This is not only because of the Kelvin effect, but because of an increased hygroscopicity in the accumulation mode compared to the Aitken mode as can be seen in Fig. 3b .
The fact that the solubility of the more hygroscopic mode is increasing with size can be expected and has been found in previous studies . It is most likely due to cloud processing of the particles. The difference in hygroscopicity between the more hygroscopic 35 and 50 nm particles is small, and part of the difference is due to the Kelvin effect. 165 and 265 nm are also similar, but from 75 to 110 nm there is a clear increase in hygroscopicity, as this is also the size at which the transition from the non-cloud processed Aitken mode to the cloud processed accumulation mode occurs.
It is important to be aware that the averaged functions can be somewhat misrepresentative. There are rarely any individual GF-PDFs with the shape of those in Fig. 3 . The somewhat smeared appearance of the GF-PDFs is mostly an averaging effect. In reality the individual GF-PDFs are commonly bimodal with a clear separation of the two modes. For Aitken mode particles and below, a mono-modal distribution is more frequent than for the larger particles, and the GF-PDF is usually very dynamic, often changing several times per day. For the larger particles, the more hygroscopic mode is generally stable, while the less hygroscopic mode is more variable.
The reason for this difference is probably that the smallest particles are not as aged, and that fluctuations in meteorological conditions or air mass trajectories significantly alter particle properties. For the cloud processed particles, variations in the origin of the particles are not as important, since a large fraction of the particle consists of inorganic salts, originating from NH 3 , HNO 3 , H 2 SO 4 and SO 2 which are dissolved as gasses in the aerosol liquid phase. SO 2 can subsequently be oxidized to H 2 SO 4 , primarily by H 2 O 2 and these substances recombine into inorganic salts composed of NH 
Seasonal cycles
As previously stated, the hygroscopic properties of ambient particles are dynamic, both on shorter and longer time scale. The seasonal variability in the average growth factor is to large extent connected to the relative abundance of less and more hygroscopic particles. Figure 4 shows monthly averaged GF-PDFs for all dry sizes. For 35 nm particles, it is clear that during wintertime, there is an increasing fraction of less hygroscopic particles. The growth factors of both the less and more hygroscopic modes seem to be stable over the annual cycle. There is some variation of the mode positions, but nothing that resembles an annual cycle. The 50 nm particles have a similar behavior to the 35 nm ones. They also have a clear bimodal distribution, where the relative abundance of less hygroscopic particles increases during winter, which in turn decreases the average growth factor. Also in this case it appears as if the two modes are relatively fixed in their respective growth factors.
For the 75 nm particles, the distribution looks slightly different. The appearing and disappearing of less hygroscopic material during winter is still visible, if not as strong, but the more hygroscopic mode is more scattered. It appears as if the distribution is tri-modal at times, but this is only an effect of the averaging. Some of the particles found in the Aitken mode are capable of activating during a cloud formation process. When this happens, as described in Sect. 4.3, they increase their hygroscopicity and the GF of the more hygroscopic mode significantly increases.
For 110 nm particles there are also both cloud processed and non-cloud processed particles present, and the tri-modal appearance of the 75 nm particles is here even more pronounced. The less hygroscopic particles are now barely hygroscopic, but still follow the seasonal pattern, being more frequent during winter. However, the relative frequency of these particles is considerably lower than for the smallest ones.
Unlike the 110 nm particles, there is only a weak mode of barely hygroscopic particles appearing in the GF-PDF for the 165 and 265 nm particles, and it only appears during wintertime. As the particle size increases into the accumulation mode, the more hygroscopic mode increases in GF, and the barely hygroscopic particles become even less hygroscopic. The reason for the appearance of particles with a GF around 1.3 in the summer for 165 and 265 nm diameter particles is unknown. While it might be an effect of air mass origin, it is out of scope of this paper to make a lengthy analysis of back trajectories.
To conclude, the GF-PDFs for all particle sizes measured have seasonal cycles, with a larger fraction of less hygroscopic or barely hygroscopic particles present during winter. Tables 3 and 4 summarizes the seasonal trend, both with average GFs and κ values for each month according to Petters and Kreidenweis (2007) and with seasonal size dependent GF-PDFs. Potential sources of the barely hygroscopic particles present during winter are not investigated in this study. However, it is likely that they originate from some form of combustion, such as residential biomass burning from wood stoves or oil burners, which are more intensively used during winter time and could produce soot particles in a wide size range. Parallel measurements of levoglucosan (Genberg et al., 2011) which is a trace element for biomass burning (Simoneit et al., 1999) confirms this by showing a strong increase during winter.
On the other hand, measurements of organic and elemental carbon (OC and EC) on the site have shown that the soot concentration is relatively stable over the year, while the OC concentration increases during wintertime. During an intensive campaign at Vavihill in October 2008, Aerosol Mass Spectrometer (AMS) data was available from the measurement site, and in a hygroscopicity closure between H-TDMA and size resolved AMS data it was concluded that the barely hygroscopic particles found at 265 nm are not entirely composed of soot, as there was a clear correlation between the appearing of barely hygroscopic material and the organic fraction measured by the AMS. It is possible that the barely hygroscopic particles consist of a combination of soot and HOA.
Diurnal cycles
Seen over shorter periods of time, the GF-PDFs of the growth factors are highly variably, especially for the smaller particle sizes. From one hour to the next, the GF-PDF can change, due to changes in meteorological conditions as e.g. mixing layer height, temperature fluctuations, or precipitation, as well as the origin of the air mass. These changes are seemingly random, but Fourier analysis revealed a diurnal cycle in the average growth factor. When averaging the volume weighted growth factors for the full data set, it turns out that the GF peaks at noon or early afternoon (Fig. 5a ). This behavior is similar for all sizes, with the exception of 265 nm, which has its GF peak before noon. The reason for the different times of the maximum of GF for the 265 nm particles is not known.
The diurnal cycles found in this work are similar to those derived by e.g. Ehn et al. (2007) on freshly formed particles in boreal forest. Those particles also showed a strong diurnal cycle with GFs peaking in the afternoon for particles up to 50 nm, although the GFs of those particles was generally lower and the amplitude of the cycle slightly higher (for 35 nm the Finnish boreal particles had an average growth factor of 1.2 and an amplitude (defined as the difference between maximum and minimum value) of 0.15 while our study found an average growth factor of 1.3 and an amplitude of 0.08). Other studies that have found the same type of diurnal trend with GF maxima in day time and minimum at night are Hämeri et al. (2001) , Boy et al. (2004) and . All these studies were conducted in boreal forest at the SMEAR II station in Hyytiälä, Finland.
In this study, most of the difference in GFs for 35, 50 and 75 nm can be explained by the Kelvin effect, and when recalculating the growth factors to κ values, the hygroscopicity 1.91 ± 1.1 1.29 ± 0.89 0.79 ± 0.69 0.51 ± 0.58 2.54 ± 1.97 2.4 ± 1.82 2.04 ± 1.58 1.56 ± 1.52 1.37 ± 1.69 1.19 ± 1.74 1.4 2.68 ± 1.88 2.97 ± 1.69 2.39 ± 1.37 1.61 ± 1.12 1.01 ± 0.85 0.66 ± 0.65 2.64 ± 2.26 2.98 ± 2.13 2.63 ± 1.75 1.79 ± 1.63 1.42 ± 1.54 1.18 ± 1.47 1.5 1.13 ± 1.31
1.6 ± 1.59 2.13 ± 1.47 2.4 ± 1.48 2.07 ± 1.48 1.31 ± 1.26 1.01 ± 1.57 1.59 ± 1.97 2.21 ± 2.08 2.79 ± 2.27 2.33 ± 2.16 1.9 ± 2 1.6 0.33 ± 0.93 0.35 ± 0.82 0.85 ± 1.31 2.05 ± 1.85 2.99 ± 2.05 2.85 ± 1.74 0.16 ± 0.73 0.25 ± 0.8 0.6 ± 1.17 1.66 ± 2.2 2.68 ± 2.7 2.97 ± 2.67 1. 0.68 ± 1.1 1.04 ± 1.22 1.85 ± 1.38 2.69 ± 1.66 2.27 ± 1.81 1.36 ± 1.55 0.76 ± 0.97 1.28 ± 0.98 2.37 ± 1.33 2.29 ± 1.49 1.53 ± 1.57 0.77 ± 1.12 1.6 0.08 ± 0.38 0.1 ± 0.39 0.32 ± 0.61 1.37 ± 1.56 2.97 ± 2.15 3.08 ± 2.24 0.24 ± 0.62 0.21 ± 0.62 0.72 ± 0.79 2.15 ± 1.77 2.82 ± 2.02 2.73 ± 2.24 1.7 0.03 ± 0.12 0.03 ± 0.18 0.04 ± 0.23 0.11 ± 0.37 0.63 ± 1.13 1.69 ± 2. of the three smallest sizes were in principle identical, which can be interpreted as if they had the same chemical composition (Fig. 5b) . It can be noted that the 35 nm particles are slightly more hygroscopic than the 50 and 75 nm particles. The reason for this is unknown.
There are a number of possible reasons for the diurnal cycle in hygroscopicity. One is the diurnal evolution of the planetary boundary layer (PBL) as discussed in e.g. Rissler et al. (2006) . In the morning, when the sun rises, the PBL increases in height and older particles are mixed down. In general, older particles are more hygroscopic, due to both an increased fraction of cloud processed particles, and to the fact that aging of the organic fraction in form of photolysis and oxidation increases its hygroscopicity (Jimenez et al., 2009 ). For these reasons, the average particle will become more and more hygroscopic as the boundary layer increases in height. When the sun sets and the boundary layer collapses, local particle sources will have a bigger influence than they would have had during daytime, due to the low mixing height.
Nucleation mode particles have relatively short lifetimes. They either grow into the Aitken mode or coagulate with larger particles, which means that the diurnal cycle of the boundary layer will have less of an effect on the hygroscopicity of small particles compared to larger ones. Apart from these meteorological considerations, partitioning of semivolatile species will follow the temperature which in turn follows the diurnal cycle. Primarily it is NO 3 (in the form of HNO 3 ) and semi-volatile organic species that follow a diurnal cycle (Lanz et al., 2007; Raatikainen et al., 2010) . HNO 3 dissolves in water and forms inorganic salts with relatively high GFs, which means that daytime evaporation will lead to a decrease in hygroscopicity. Evaporation of semivolatile organics will on the other hand lead to an increased hygroscopicity, since the average hygroscopicity of the particle generally is higher than the organics which evaporates.
AMS measurements carried out at Vavihill during October 2008 confirm strong diurnal cycles in organic mass ratios as well as NO 3 , but the NO 3 was only found in sizes larger than 80 nm with a strongly increasing volume fraction with increasing particle size. For particles below 80 nm, the aerosol mass consisted almost exclusively of organics and small amounts (∼10 %) of (NH 4 ) 2 SO 4 . With this in mind, it seems likely that the diurnal cycle seen for the 35 nm particles is at least partially driven by condensation and evaporation of organics. supersaturation. T he model slightly underpredicts the number of CCN, and the tendency is 4 increasing with decreasing sc. The dotted line is the 1:1 line, and the grey error bars represent 5 a 10% relative uncertainty in the s from the CCNC (x-axis) and the error propagation 6 described in section 4.6 (y-axis) respectively. found a clear peak in barely hygroscopic particles during morning rush hours at an urban measurement site. However, this pattern could not be found at the background station used for this study.
There was no clear annual pattern found in the amplitude of the diurnal GF cycle in any of the dry sizes. This would have been expected if variation in boundary layer height was the dominating effect, since the variation of the boundary layer height is strongly dependent on season. Instead we noted seemingly random monthly variations, most likely due to changes in meteorological conditions, and with the amplitude consistently higher for the smaller particles.
CCN closure
The CCN closure was carried out for the full data set for five different supersaturation ratios: 0.1, 0.2, 0.4, 0.7 and 1 %. Figure 6 illustrates the scatter plot of 0.1 % s and Fig. 7 illustrates the ratio of predicted and measured CCN concentrations for all s ratios. Table 5 presents the slope coefficients for all s closures. The κ-model consistently predicted a lower CCN concentration than the CCNC. While the coefficient of determination was very similar for all cases (0.92±0.02), the slope of the regression line varied from 0.71 for 0.2 % supersaturation to 0.95 for 1 % supersaturation. The reason for this is not known, but a number of possible explanations can be hypothesized.
The CPCs used in the DMPS system have been calibrated using Ag particles and the calibration curves are used in the DMPS system in order not to underestimate the particle concentration. However, during an intercomparison workshop in March 2008 at the Institute for Atmospheric Research, IFT in Leipzig, the DMPS used in this closure measured 15 % lower concentration than a CPC (TSI 3010) that was measuring total particle concentration simultaneously.
If this underprediction in number concentration is always present, it will lead to an underestimation of the CCN(s) concentration. However, when comparing the full DMPS size distribution to the measured CCN concentration at 1 % 8356 E. O. Fors et al.: Hygroscopic properties of ambient aerosol in Sweden s, which is the highest s value, the maximum CCN(s) values match the DMPS concentration well (Fig. 8) , a fact that contradicts the counting efficiency of the CCN as the major problem in the closure. Of course there is also the possibility of the H-TDMA underestimating the particle hygroscopicity or the DMPS selecting the wrong sizes. Assuming that all instruments are functioning properly, it is the model that is incorrect. There are numerous other static CCN models in the literature, and Rissler et al. (2010) found that they gave 6-10 % difference in predicted CCN concentrations using seven different approaches for two different model aerosols. It should be stressed that the model used in this work does not include any non-ideal effects which can potentially increase the hygroscopicity when increasing the water activity.
The fact that the underprediction is stronger for low sratios in this work can be explained by the fact that there are fewer particles in the sizes range which are close to activation at 1 % (nucleation mode) than there is at 0.2 % (Aitken or accumulation mode). An underestimation of the hygroscopicity would therefore have a larger impact at 0.2 than at 1 % s. The uncertainty of the s measured by the CCNC also tends to increase for lower s (see e.g. Rose et al. (2008) ). To investigate the uncertainty introduced by error propagation from different measurement parameters, we used the precision of size distribution measurements from Wiedensohler et al. (2010) who compared a number of SMPS and DMPS systems in a laboratory environment and concluded that most systems measure a total particle concentration ±10 % while the sizing of the particles can be expected to be accurate with ±3.5 %. In addition to this, the H-TDMA is estimated to measure growth factors within 3 % precision in GF due to uncertainties in the RH measurement.
For simplification, we used the average GF-PDFs and the average size distribution for the entire measurement period and calculated the relative change in predicted CCN concentrations for 0.1, 0.2, 0.4, 0.7 and 1 %s. The shape of the size distribution makes the uncertainty very varying (see Table 6 ). For allsexcept 0.2 % s, the summarized measurement uncertainties can hypothetically explain the difference in measured and predicted CCN concentration. For 0.2 % however, there is still a difference of 7 %, even after introducing all measurement uncertainty. An additional uncertainty in the CCNC could possibly explain the last percent. Even though the instrument calibration was checked after the campaign, more frequent salt calibration of the CCNC should have been carried out in order to fully trust the CCN concentrations. Investigation showed no long term trend in the ratio of modeled to measured CCN concentration, which indicates that the calibration did not drift significantly, but direct salt scans would significantly increase the reliability of the CCNC data.
Another measurement artifact that might play a role is that particles may not have reached their equilibrium with respect to the surrounding water vapour. Firstly, the aerosol must be completely dry when it enters DMA1. If it is not, and it keeps shrinking until it reaches the humidifier, the GF will be underestimated. In the same manner, if it does not reach the humidified diameter before entering DMA2, the GF will be further underestimated. These two effects will both lead to an underestimation of the CCN concentration, especially atsvalues corresponding to diameters in the middle of the size distribution. Finally, drying of the aerosol in the DMPS can play a role. If the particles are not completely dried out, the sizes will be overestimated, which will lead to an overestimation of the CCN concentration.
In addition to measurement uncertainties, aerosol properties can play a role. It is possible that compounds as K 2 SO 4 which have a limited solubility will lead to an overestimation of the S c or that there are particles larger present then what is measured by the DMPS, something that would play a larger role for low s values. Another possibility is that the particles contain surface active compounds such as HULIS, which has been proposed to originate from polymerization in the aqueous phase, formed through ageing of particles (Graber and Rudich, 2006). When altering the surface tension, it was concluded that a surface tension of ∼55 mN m −1 is required to reach a perfect closure. No seasonal or diurnal cycle was found in the ratio of modeled to measured CCN concentrations. Distinct periods of different ratios were found, rather than the continuous change that one might expect from e.g. seasonal sources such as biogenic SOA or combustion particles from heating. This underprediction of CCN concentrations based on subsaturated measurements has to our knowledge not been found in previous CCN closure studies, which indicates that it is in fact a measurement effect rather than an aerosol effect. Moreover, previously published CCN closure studies have tended to overestimate the number of CCN (Kammermann et al., 2010b; McFiggans et al., 2006) .
CCN(s) concentrations
Finally, CCN(s) concentration functions were derived, based on seasonal averages and compared to seasonal CCNC data (Table 7) . Average DMPS size distribution spectrums for the four seasons were derived (Fig. 9) , as well as seasonal average GF-PDFs for the different dry sizes. A modal fit routine was then applied to describe the average distribution with three log-normal modes (Hussein et al., 2005) (Table 8 ). The mode with smallest particle diameter, if GMD was smaller than 20 nm, was then excluded for each season. The reason for this was to avoid bias from frequently occurring nucleation bursts when comparing the fraction of activated particles for a specific s. For more details on the number size distribution of Vavihill, see Kristensson et al. (2008) .
The averaged and mode-fitted size distributions were used to calculate CCN(s) for different seasons applying two different approaches: (1) Using the full external mixture of the aerosol, and (2) Calculating size dependent GFs from 3rd moment averaged GF-PDFs, and linearly interpolating to the geometric mean values of the fitted log-normal distributions. From this data the cumulative log-normal distribution described in Sect. 3.5 was used to calculate CCN(s) functions. It was found that the second approach produced CCN(s) functions very similar to taking the full GF-PDF into account ( Fig. 10a-d) .
For 1 % s, CCN concentrations were highest during summer and spring, followed by autumn, and the lowest concentration was found during winter. This can partially be attributed to the concentration of Aitken mode particles, which largely follow the same order, and partially by the hygroscopic growth, which was found to be higher during summertime. For lower s ratios, winter showed the highest CCN concentration, due to a larger accumulation mode, followed by summer and spring and finally autumn, which presented the lowest CCN concentration.
Considering the high STD values of the seasonally averaged CCN concentrations, it can be concluded that the CCN(s) functions derived from averaged DMPS and H-TDMA data well describe the CCN concentrations for different seasons, and that the assumption of an internally mixed aerosol with respect to hygroscopic properties in this case was adequate for describing the CCN(s) concentration of a European continental background aerosol.
Summary and conclusions
Hygroscopic properties of the aerosol at the background EU-SAAR supersite Vavihill has been measured over a period of 27 months. H-TDMA data has been analysed with respect to temporal variability with focus both on seasonal and diurnal cycles. A CCN closure study has been carried out and CCN(s) concentration functions for different seasons have been produced.
In general, the aerosol was often externally mixed with respect to hygroscopic growth, with GFs of both the less hygroscopic and more hygroscopic modes varying in time. Smaller particles were found to have a higher fraction of less hygroscopic particles. There is also a trend of increasing separation between the two hygroscopic modes with increasing size. The high GFs of the larger particles can most likely be attributed to a combination of chemical ageing and cloud processing, where soluble gases have added inorganic ions to the particle after the cloud drop dry out. In general, the GFs of the modes in the averaged GF-PDFs were stable during the year, but the relative abundance of the modes changed with season. This seasonal cycle of the GF-PDFs was found to be most pronounced for the smallest particles. The mode of less hygroscopic particles increased in relative abundance during winter time. These less hygroscopic particles were more frequent during winter also for the larger particles, though the trend weakened with increasing size.
On a diurnal basis, all particles except 265 nm were found to have a higher growth factor during day-time than during night-time.
The CCN closure slightly underpredicted the number of activated CCN(s), from ∼30 % at 0.2 % sto 5 % at 1 % s. The reason for this is unknown, though it is most likely connected to a combination of different measurement and modelling errors.
Finally it was concluded that seasonal averaged data from the DMPS and H-TDMA measurements well described the CCN concentrations from the DMT CCNC. It was also found possible to simplify the aerosol description by assuming a bimodal size distribution with an average modal GF without significantly increasing the difference between measured and modelled CCN concentrations. The results presented in this work may serve as input to models which desire to incorporate the hygroscopic properties of the atmospheric aerosol. However, the results also raise many unanswered questions regarding the mechanisms that control the hygroscopic properties of the ambient aerosol, and even though we have speculated around possible explanations for the different phenomena, deeper understanding of the processes involved will require detailed studies of the respective mechanisms.
